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Impaired Local Production of Proresolving Lipid 
Mediators in Obesity and 17-HDHA as a Potential 
Treatment for Obesity-Associated Inflammation 
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Obesity-induced chronic low-grade inflammation originates from 
adipose tissue and is crucial for obesity-driven metabolic de- 
terioration, including insulin resistance and type 2 diabetes. 
Chronic inflammation may be a consequence of a failure to actively 
resolve inflammation and could result from a lack of local 
specialized proresolving lipid mediators (SPMs), such as resolvins 
and protectins, which derive from the n-3 polyunsaturated fatty 
acids eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA). We assessed obesity-induced changes of n-3-derived SPMs 
in adipose tissue and the effects of dietary EPA/DHA thereon. 
Moreover, we treated obese mice with SPM precursors and inves- 
tigated the effects on inflammation and metabolic dysregulation. 
Obesity significantly decreased DHA-derived 17-hydroxy docosa- 
hexaenoic acid (17-HDHA, resolvin Dl precursor) and protectin 
Dl (PDl) levels in murine adipose tissue. Dietary EPA/DHA treat- 
ment restored endogenous biosynthesis of n-3-derived Upid medi- 
ators in obesity while attenuating adipose tissue inflammation and 
improving insiidin sensitivity. Notably, 17-HDHA treatment reduced 
adipose tissue expression of inflammatory cytokines, increased adi- 
ponectin expression, and improved glucose tolerance parallel to 
insulin sensitivity in obese mice. These flndings indicate that im- 
paired biosynthesis of certain SPM and SPM precursors, including 
17-HDHA and PDl, contributes to adipose tissue inflammation in 
obesity and suggest 17-HDHA as a novel treatment option for obesity- 
associated complications. Diabetes 62:1945-1956, 2013 




Obesity is associated with a chronic low^-grade 
inflammation that plays a key role in the de- 
velopment of insulin resistance, leading the way 
to type 2 diabetes and cardiovascular disease 
(1,2). Obesity-driven low-grade inflammation originates 
from the adipose tissue and is characterized by increased 
accumulation of macrophages and other inflammatory 
cells (3,4) and a shift from an anti-inflammatory M2-like 
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(00206"") to an inflammatory Ml-like (CDllc"") macro- 
phage phenotype that expresses inflammatory cytokines 
and contributes to insulin resistance (5-9). Alteration of 
the macrophage phenotype significantly contributes to adi- 
pose tissue inflammation and its metabolic consequences 
such as insulin resistance (10-12). 

Secretion of inflammatory cytokines, such as monocyte 
chemoattractant protein-1 (MCP-1), tumor necrosis factor-a 
(TNF-a), interleukin 6 (IL-6), and osteopontin (OPN), is 
increased in obesity-induced adipose tissue inflammation, 
whereas production of anti-inflammatory and insulin- 
sensitizing adiponectin is reduced (13,14). In addition to 
peptide mediators, adipose tissue produces considerable 
amounts of free fatty acids and fatty acid-derived bioactive 
lipid mediators with potent pro- and anti-inflammatory ac- 
tions. Particularly, the recently described n-3 polyunsatur- 
ated fatty acid (PUFA)-derived lipid mediators resolvins 
and protectins are of major interest because they have been 
characterized as a novel genus of potent anti-inflammatory 
and proresolving lipid mediators that are produced during 
self-limited acute inflammation in inflammatory exudates 
and promote resolution (i.e., active termination of in- 
flammation) (15,16). The biosynthesis of these locally 
acting specialized proresolving mediators (SPMs) is 
regulated by the availability of n-3 PUFA eicosapentae- 
noic acid (EPA; C20:5n-3) and docosahexaenoic acid 
(DHA; C22:6n-3) and the spatial and temporal control of 
speciflc lipoxygenase pathways (17-19). Briefly, in mu- 
rine tissues, EPA-derived 18-hydroxyeicosapentaenoic 
acid (18-HEPE) and the DHA-derived leukocyte-type 12/ 
15-lipoxygenase (12/15-LOX) products/intermediates 17- 
hydroxydocosahexaenoic acid (17-HDHA) and 17-H(peroxy) 
DHA interact with 5-LOX to generate the SPMs resolvin 
El (RvEl), resolvin Dl (RvDl), or PDl, respectively 
(Fig. \A). Uncontrolled inflammation and failed resolu- 
tion could be a critical component in the pathogenesis 
of many chronic inflammatory diseases, including car- 
diovascular diseases, cancer, and metabolic disorders 
(17,20). 

Treatment with n-3 PUFA attenuates obesity-associated 
adipose tissue inflammation and insulin resistance, but 
underlying mechanisms remain elusive (21,22). Recent 
studies demonstrated that n-3 PUFA feeding of mice 
elevates adipose tissue levels of 17-HDHA, PDl, and 
RvDl (22,23). Transgenic restoration of n-3 PUFA mfat-1 
transgenic mice increased tissue levels of n-3 PUFA- 
derived SPMs and SPM precursors, such as PDl and 17- 
HDHA (24-26), and protected against obesity-linked insulin 
resistance (26). Accordingly, the effect of obesity itself on 
SPM biosynthesis in adipose tissue is of particular interest. 
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FIG. 1. Obesity significantly reduces levels of the n-3 docosanoid lipid mediator 17-HDHA and PDl in gonadal adipose tissue. (A) Simplified 
biosynthetic pathway of EPA- and DHA-derived SPMs and their precursors. (5) Mean body weight of lean (□) and obese mice (■; n = 10 animals 
per group). Genetically obese animals developed similar obesity compared with WT mice fed a high-fat (HF) diet for 18 weeks (diet-induced 
obesity), n-3 PUFA-derived 17-HDHA (C), PDl (D), and 18-HEPE {E^ were analyzed in murine gonadal adipose tissue of lean (ji = 20 animals per 
group, pooled for n = 10 samples) and obese mice (ji = 10 animals per group) in two different mouse models of obesity using solid-phase extraction 
and LC-MS/MS. Genetically obese db/db mice were compared with lean rffe/+ littermates, both fed a normal standard chow, and HF diet-induced 
obese WT mice were compared with lean WT mice on an LF diet. Lipid mediator concentration of 17-HDHA (F), PDl (G), and 18-HEPE (^H) in 
gonadal adipose tissue (H) was compared with subcutaneous adipose tissue ( ^ ) of obese db/db and WT HF mice (n = 10 animals per group). All 
data are mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. COX-2, cyclooxygenase-2; CYP450, cytochrome P450 enzymes; ND, not detected. 



Because obesity-induced alterations of SPM biosynthe- 
sis in adipose tissue could provide a clue for obesity- 
driven chronic inflammation and a rationale for novel 
potential treatment options, we characterized n-3 PUFA- 
derived lipid mediator profiles in adipose tissue of ge- 
netically {db/db) and high-fat (HF) diet-induced obese 
mice and respective lean controls. On the basis of these 
results, we treated obese mice with the SPM precursor 
17-HDHA. Here, we report an obesity-induced decrease 
in endogenous biosynthesis of the DHA-derived lipid 
mediators 17-HDHA and PDl as an potential mecha- 
nism involved in chronic adipose tissue infiammation 
further leading to metabolic complications. Treatment 
of obese mice with 17-HDHA, SPM precursor and 
marker of the local tissue PDl and RvDl biosynthetic 
pathways, attenuated adipose tissue inflammation and 
improved glucose tolerance. Hence, we could identify 
17-HDHA as a potential treatment for obesity-induced 
adipose tissue inflammation and associated metabolic 
complications. 
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RESEARCH DESIGN AND METHODS 

Animals and dietary interventions. Male C57BL/6J wild-type (WT) mice, 
male BKS.Cg-Z^oc/cT^^^^Lep/Vj (dh/dh) mice, and lean nondiabetic litter- 
mates (db/+) were purchased from Charles River Laboratories (Sulzfeld, 
Germany). At 8 weeks of age, WT mice were fed an HF diet (60% kcal from fat, 
D12492; Research Diets Inc., New Brunswick, NJ), a low-fat (LF) control diet 
(10% kcal from fat, D12450B; Research Diets Inc.) for 18 weeks, or a short- 
term HF diet for 4 or 14 days and compared with WT mice fed normal standard 
chow. For genetic obesity, db/db and db/+ mice fed normal chow were killed at 
16 weeks of age. For dietary treatment with different fatty acid compositions, 
db/db and db/+ mice were fed for 6 weeks an LF control diet (3.2 kcal/g) or 
isocaloric HF diets (4.2 kcal/g) that included 40% kcal from lard oil (rich in 
saturated and monounsaturated fatty acids, HF/S), safflower oil (rich in n-6 
PUFA, HF/6), or an HF/S diet with 30% (v/v) of lard oil being replaced by the 
n-3 PUFA concentrate EPAX6000TG (containing 290 mg EPA/g oil and 190 mg 
DILVg oil; HF/S3 diet containing -3% EPA- and 2.3% DHA-derived calories) 
provided by EPAX AS (Aalesund, Norway), as described (21,27). Detailed 
analysis of fatty acid composition of diets was performed previously (27). 
Diets were purchased from Altromin (Germany). 

Lipid mediator treatment. After 17 weeks of the HF diet, WT mice were 
treated with DHA (4 jjig/g body weight), 17S-HDHA (50 ng/g body weight), both 
purchased from Cayman Chemicals, or vehicle control (0.9% NaCl containing 
3% delipidated fatty acid-free BSA and 2% ethanol) by intraperitoneal injection 
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every 12 h for 8 days or continuous application with osmotic (Alzet) pumps 
(—120) for 15 days. All mice were housed in a pathogen-free facility on a 12-h 
light/dark cycle with free access to food and water. Food intake and weight 
gain were monitored throughout the studies. Blood was drawn after a 3-h fast 
immediately before mice were killed. Tissues were collected and immediately 
snap frozen in liquid nitrogen. The study protocols were approved by the 
Austrian Federal Ministry for Science and Research and followed the guide- 
lines on accommodations and care of animals formulated by the European 
Convention for Protection of Vertebrate Animals Used for Experimental and 
Other Scientific Purposes. 

Metabolic measurements. Triglyceride, free fatty acid, and cholesterol 
concentration was analyzed in plasma using an automated analyzer (Falcor 
350, A. Menarini Diagnostics, Florence, Italy). Enzyme-linked immunosor- 
bent assay kits were used to determine plasma insulin (Mercodia AB, 
Uppsala, Sweden), adiponectin, and C-reactive protein (both Alpco Diag- 
nostics, Salem, NH). We calculated the homeostasis model assessment of 
insulin resistance (HOMA-IR) as an index for insulin resistance (28). Insulin 
sensitivity was assessed by insulin tolerance test after a 5-h fast. Briefly, an 
intraperitoneal injection of recombinant human insulin (Novorapid, Novo 
Nordisk A/S, Bagsvaerd, Denmark), at a dose of 2 and 0.75 units/kg body 
weight, was given to db/db and WT HF mice, respectively. Blood glucose 
concentrations were determined before and 30, 60, 90 and 120 min after 
insulin injection. The glucose tolerance test was performed after overnight 
fasting, and blood glucose was measured before and 15, 45, 75, 105 and 135 
min after an intraperitoneal injection of 20% glucose (0.75 g/kg body 
weight). 

Lipid mediator analysis of adipose tissue samples. Lipid mediators were 
extracted from adipose tissue using solid phase extraction. From the lean 
groups, tissue of two animals was pooled for one sample; from obese animals, 
tissue samples were analyzed in duplicates. Briefly, 300 mg tissue was ho- 
mogenized in methanol after deuterated prostaglandin E2 (PGE2-d4; Cayman 
Chemical, Ann Arbor, MI) was added as an internal standard. Cleared super- 
natants were acidified to pH 3.0, loaded onto Oasis-HLB Extraction Cartridges 
(Waters, Milford, MA), and eluted with 1% ethyl acetate in methanol. Extracted 
samples were analyzed by high-performance liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) using a triple quadrupole mass spectrometer 
(API5000 AB SCIEX, USA/Canada) equipped with a reversed phase column 
(ACE3 C18-AR, Advanced Chromatography Technologies, Aberdeen, U.K.). 
MS analysis was conducted in electrospray negative ionization mode, and 
lipid mediators were identified by multiple reaction monitoring using the 
following transitions: 17-HDHA (343.3:245.2m/2;), PDl (359.3: 136. lm/2;J, 
18-HEPE (317.3:215.2m/z), RvEl (349.3: 195. lm/5;), RvDl (375.3: 164. lm/5;), 
and PGE2 (351.3:315.3m/2;). For enantiomeric separation of 17(i2/5)-HDHA, a 
Chiralpak AD-RH (Daicel, Germany) was used. Calibration curves, retention 
times, and multiple reaction monitoring parameters were established and 
optimized, as previously described (29), using synthetic standards (Cayman 
Chemical). 

RT-PCR and gene expression analysis. Tissue samples were homogenized in 
TRIzol reagent (Invitrogen), and RNA was isolated according to the manufacturer's 
protocol. One microgram of total RNA was treated with DNase I and transcribed 
to cDNA using Superscript H and random hexamer primers (all Invitrogen), as 
described (30). Gene expression of F4/80 (Emrl, Mm00802530_ml), MCP-1 (CcW, 
Mm00441242_ml), TNF-a (Tnf, Mm00443258_ml), 11^6 (116, Mm00446190_ml), 
OPN (Sppl, Mm00436767_ml), GLUT4 (Slc3a4, Mm00436615_ml), adiponectin 
(Adipoq, Mm00456425_ml), peroxisome proliferator-activated receptor (PPAR) y 
(PPARg, Mm01184322_ml), PPARa (Ppara, Mm00440939_ml), nuclear factor 
(NF)-kB (NJkbl, Mm00476361_ml), 12/15-LOX (AloxlS, Mm01250458_ml), 
and 5-LOX (Alox5, Mm01182749_ml) was analyzed by quantitative real-time 
RT-PCR on an ABI Prism 7000 cycler using assays-on-demand kits (TaqMan 
Gene Expression Assay, Applied Biosystems) and normalized to UbiquitinC 
mRNA (Ubc, Mm01198158_ml). 

Isolation of adipose tissue macrophages and flow cytometry analysis. 

Stromal vascular cells of gonadal adipose tissue were isolated by coUagenase 
digestion and centrifugation to remove adipocytes, as described (7). For flow 
cytometry analysis of Ml-like and M2-like macrophage phenotypes, stromal 
vascular cells were stained for three-color immunofluorescence analysis by 
dye-labeled antibodies according to standard procedures using CD16/CD32 
blocking antibodies (BD Biosciences), F4/80-PE, CD206(MR)-AlexaFluor488 
(both AbDSerotec), and CDllc-APC (BD Biosciences). 

Immunohistochemistry. Adipose tissue was fixed with 4% paraformaldehyde 
and embedded in paraffin. After sections were dewaxed and rehydrated, im- 
munohistochemical staining for MAC-2 (anti-MAC-2/galectin-3 antibody, 
Cedarlane Laboratories, Burlington, ON, Canada) was performed using the 
Vectastain ABC Kit (Vector Laboratories) and Sigma Fast 3,3'-diamino- 
benzidine (Sigma) as the substrate, according to the manufacturers' recom- 
mendations. Sections were counterstained with hematoxylin. Samples were 
analyzed with Nikon Eclipse E800 light microscope, and digital images were 



captured with a DXM 1200 camera. Crown-like structure (CLS) density was 
obtained by counting the total number of CLS in each section compared with 
the total number of adipocytes (31). 

Western blotting. Lysates of gonadal adipose tissue were prepared as pre- 
viously described (21). Briefly, gonadal adipose tissue was homogenized and 
lysed on ice for 30 min in Tris-buffered saline (pH 7.4) containing 1% Triton 
X-100 (Pierce) and phosphatase and protease inhibitors. The tissue extract 
was cleared from fat, nuclei, and debris by centrifugation. Identical amounts of 
protein were separated by SDS-PAGE and blotted onto nitrocellulose mem- 
branes and probed for iKBa (anti-lKBa rabbit antibody, 400001, Calbiochem) 
and (3-tubulin (anti-(3-tubulin mouse antibody, T4026, Sigma). Chem- 
iluminescence was generated by a BM chemiluminescence substrate (Roche), 
and quantification of band intensities was performed using AlphaEase FC 
Software version 3.2.1. 

Statistics. Data are given as means ± SEM. Comparisons between lean and 
obese mice were assessed by unpaired two-tailed Student t test. Treatment 
effects within a genotype were analyzed with univariate ANOVA using the 
Dunnett t test for post hoc analysis. For correlation analysis. Spearman rank 
correlations were calculated. A value of P < 0.05 was considered statistically 
significant. 



RESULTS 

Genetic and diet-induced obesity decreases adipose 
tissue levels of the n-3 PUFA-derived lipid mediators 
17-HDHA and PDl. We first aimed to investigate the ef- 
fect of obesity on n-3 PUFA-derived hpid mediator levels 
in murine adipose tissue. Therefore, gonadal adipose tis- 
sue from two different mouse models of obesity, genetic 
(db/db), and diet-induced obesity, was analyzed using LC- 
MS/MS. Mean body weight is presented in Fig. IB. We 
identified significant levels of the n-3 PUFA lipid mediators 
17-HDHA and PDl, which derive from DHA by 12/15-LOX 
activity, as well as the EPA-derived RvEl precursor 18- 
HEPE in murine adipose tissue of lean and obese animals, 
whereas RvEl and RvDl levels were below the detection 
limit. Of note, obesity significantly reduced 17-HDHA and 
PDl in gonadal adipose tissue of db/db mice compared 
with lean littermates (db/+) fed a normal standard chow, 
whereas 18-HEPE was significantly increased (Fig. IC-E). 
Obesity-induced alterations of n-3 PUFA-derived lipid 
mediators were confirmed in WT mice fed an HF diet for 
18 weeks compared with counterparts fed the LF diet. 
These findings indicate that obesity per se and HF-feeding 
leads to a deficiency in DHA-derived mediators of resolu- 
tion in adipose tissue. 

Levels of 17-HDHA, PDl, and partly 18-HEPE (in WT HF 
mice) were either significantly lower or even below the 
detection limit in subcutaneous adipose tissue compared 
to gonadal adipose tissue, indicating predominant pro- 
duction in the metabolically more relevant gonadal adi- 
pose tissue (Fig. IF-H). 

Adipose tissue levels of 17-HDHA and PDl are 
already affected after 4 days of HF diet. Consider- 
able acute infiammatory alterations in adipose tissue may 
occur within a few days of HF diet treatment (32,33). Be- 
cause induction of SPM biosynthesis during acute in- 
flammation is critical for subsequent resolution, we 
examined if altered lipid mediator levels could be found 
after a short-term HF diet compared with normal chow for 
4 and 14 days in WT mice when weight change was mini- 
mal and accumulation of macrophages had not yet oc- 
curred (Fig. 2A and B). Significantly lower concentrations 
of 17-HDHA and PDl were detected in gonadal adipose 
tissue in animals fed the HF diet for 4 days than in animals 
fed normal chow, whereas 18-HEPE was not altered. In 
addition, PGE2 tended to be elevated in adipose tissue, 
indicating an acute infiammation after 4 days of the HF 
diet (Fig. 2C-F). Differences between HF- and normal 
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day 14 



FIG. 2. Adipose tissue reduction of 17-HDHA and PDl represents one of the earliest alterations in diet-induced inflammation. WT mice were fed 
a normal standard chow (NC; □) or an HF diet (■) for 4 or 14 days. (A) mRNA expression of the genes for macrophage marker F4/80 (encoded by 
Emrl gene) and MCP-1 (encoded by Ccl2^ was determined in gonadal adipose tissue using quantitative real-time RT-PCR (n = 12 animals per 
group). (^) Mean body weight after the NC or HF diet for 4 and 14 days (ji = 12-15 animals per group). iC-F^ Lipid mediator levels were analyzed 
in gonadal adipose tissue. PGE2 was increased after 4 days but was significantly lower after 14 days of the HF diet. The HF diet decreased adipose 
tissue levels of 12/15-LOX-derived 17-HDHA and PDl after 4 days and demonstrated an even stronger impact after 14 days (n = 12-15 animals per 
group). All data are mean ± SEM. #P = 0.088; *P < 0.05; **P < 0.01; ***P < 0.001. 



chow-fed animals in adipose tissue 17-HDHA and PDl 
levels were more pronounced after 14 days, when PGE2 
levels were also decreased and the first inflammatory 
changes (increased MCP-1 expression, Fig. 2A and (7) were 
identified. These findings show that changes in SPMs or 
their precursors belong to the earliest alterations in diet- 
induced inflammation, and hence, inefficient biosynthesis 
of PDl and 17-HDHA as well as other SPMs might con- 
tribute to chronic low-grade inflammation in adipose 
tissue. 

To assess whether the obesity-induced decrease of 
17-HDHA and PDl could be due to altered relevant enzyme 
expression, we examined expression of the genes for 
12/15-LOX (Aloxl5) and 5-LOX (Alox5) in adipose tissue. 
We detected considerable mRNA levels of 12/15-LOX and 
5-LOX in gonadal adipose tissue of dh/dh and WT HF ani- 
mals (Supplementary Fig. LA and 5) and significantly lower 
levels in subcutaneous adipose tissue (P < 0.05; data not 
shown) in concordance with the different 17-HDHA and 
PDl concentrations within the different fat pads (Fig. IF 
and G). However, 12/15-LOX was moderately decreased in 
diet-induced obesity, whereas genetic obesity had no ef- 
fect (Supplementary Fig. L4). 

Adipose tissue 17-HDHA is associated with reduced 
adipose tissue inflammation. In a different set of 
experiments, we evaluated possible correlations of n-3 
PUFA-derived lipid mediators with markers of adipose 
tissue inflammation in obese animals. Gonadal adipose 
tissue level of 17-HDHA negatively correlated with ex- 
pression of the genes for TNF-a (Fig. F4/80 (Fig. 35), 
and IL-6 (Fig. 3(7) in diet-induced obesity. In contrast, 
mRNA expression of adiponectin tended to correlate with 
17-HDHA adipose tissue concentration (Fig. 3D), without 
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reaching statistical significance. In genetic obesity, 17- 
HDHA level negatively correlated with gene expression of 
IL-6 and fasting glucose (Fig. and F). These results in- 
dicate a possible link between obesity, adipose tissue in- 
fiammation, and 17-HDHA level. 

Attenuated inflammation and improved insulin sensi- 
tivity induced by dietary n-3 PUFA treatment are 
linked to increased adipose tissue levels of SPMs and 
their precursors. We showed in a previous study that 
PUFA-supplemented diets led to an enrichment of re- 
spective fatty acids in the adipose tissue (27). Here, we 
further investigated whether the known beneficial effects 
of n-3 PUFA on adipose tissue infiammation and metabolic 
control in obese mice (21,34-36) are linked to an allevia- 
tion of the obesity-induced perturbations in endogenous 
n-3 PUFA-derived lipid mediator synthesis. Obese diabetic 
mice (db/db) and lean (d6/+) littermates were fed for 6 
weeks a LF control diet or three different HF diets rich in 
saturated/monounsaturated fatty acids (HF/S), n-6 PUFA 
(HF/6), and an HF/S diet including long-chain n-3 PUFA 
(HF/S3), similar to our previous study (21). The HF/S3 diet 
increased plasma adiponectin, reduced overnight fasting 
glucose concentration compared with db/db animals fed 
a HF/S diet (Supplementary Table 1), and significantly 
decreased gene expression of F4/80 and MCP-1 in gonadal 
adipose tissue of db/db mice, whereas the HF/6 diet had no 
significant impact (Fig. 4A and B). In addition, the HF/S 
diet-induced increase of CLSs, which are formed by mac- 
rophages around adipocytes (31), was reduced after the 
HF/S3 diet (Fig. 4C). 

Of note, fiow cytometric analysis revealed a reduction in 
the proportion of inflammatory CDllc"^ adipose tissue mac- 
rophages (F4/80-'CDllc-'CD206"; P = 0.004) and an increase 
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FIG. 3. Adipose tissue 17-HDHA concentration negatively correlates with markers of adipose tissue inflammation in murine obesity. Gonadal adipose 
tissue level of 17-HDHA in obese animals (WT HF-fed mice) negatively correlated with expression of genes for TNF-a (Tnf) (p = -0.88; P = 0.002) (A), 
F4/80 {Emrl^ (p = -0.87; P = 0.002) (^), and IL-6 (7^6) (p = -0.73; P = 0.026) (C), whereas mRNA expression of the gene encoding adiponectin 
(AdipoQ^ (D) tended to correlate with 17-HDHA adipose tissue level (p = 0.63; P = 0.067). In db/db animals, 116 gene expression (p = -0.68; P = 0.04) 
(^) and fasting glucose (p = -0.77; P = 0.016) (F) negatively correlated with the 17-HDHA level in adipose tissue (w = 9 animals per group). 



of anti-inflainmatory M2-like (F4/80^CDllc"CD206^) macro- 
phages (P = 0.07) leading to a significantly decreased 
CDllc^-to-CD206"' ratio after the HF/S3 diet compared with 
the HF/S diet (Fig. AD). Moreover, the HF/S3 diet was asso- 
ciated with significant upregulation in adipose tissue of the 
genes involved in insulin sensitivity (Adipoq and Pparg) and 
glucose transport (Slc2aA coding for GLUT-4) compared 
with animals fed the HF/S and HF/6 diets (Fig. AE-G), As 
shown by the insulin tolerance test, the HF/S3 diet signifi- 
cantly improved insulin sensitivity compared with HF/S and 
HF/6 diets to a similar extent as seen in LF-fed db/db animals 
(Fig. 4H and I). 
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In parallel with decreased adipose tissue inflammation 
and improved insulin sensitivity, the HF/S3 diet dramati- 
cally increased the concentration of 17-HDHA, PDl, and 
18-HEPE in gonadal adipose tissue of db/db mice (Fig. 5A- 
C), and RvEl became detectable in adipose tissue after the 
HF/S3 diet (Fig. 5Z)). Of note, db/db mice fed the HF/S3 diet 
showed significantly lower levels of 17-HDHA and PDl 
than their lean {db/+) counterparts fed the same diet (P < 
0.01; Fig. 5^4 and E), indicating an inhibitory effect of 
obesity on SPM synthesis despite the HF/S3 diet that 
favors SPM synthesis. In addition, the HF/S diet increased 
the percentage of the i^-isoform of 17-HDHA, whereas the 
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FIG. 4. Dietary n-3 PUFA treatment attenuates adipose tissue inflammation and improves insulin sensitivity. Lean Qdb/+) mice were fed an LF diet 
and obese Qdb/db^ animals were fed an LF diet or three different isocaloric HF diets: i) HF/S diet rich in saturated/monounsaturated fatty acids; ^) 
HF/6 diet rich in n-6 PUFA; and 5) HF/S3 (HF/S diet supplemented with n-3 PUFA) for 6 weeks. Gonadal adipose tissue expression of the genes for 
macrophage marker F4/80 {Emrl^ (A) and MCP-1 iCcl2^ (5) after dietary treatment was analyzed (n = 10 animals per group). (C) CLS formation, 
a hallmark of obesity-associated inflammation, was assessed by MAC-2 staining, and the number of CLS in gonadal adipose tissue was calculated 
per 100 adipocytes (n = 5 animals per group). (D) Flow cytometry analysis of the CDllc*CD206~-to-CDllc~CD206^ ratio of adipose tissue 
macrophages (F4/80* cells) obtained from stromal vascular fractions of the db/+ LF control and db/db animals after dietary treatment with in- 
dicated diets (n = 8 animals per group). Expression of the genes for PPAR7 (^Pparg^ (£J), adiponectin (Adipoq^ (F), and GLUT-4 CSlc2a4^ (G^) 
after dietary treatment in gonadal adipose tissue (n = 10 animals per group). and /) Insulin sensitivity was determined in db/db mice after LF 
control, HF/S, HF/6, or HF/S3 diet. Blood glucose was measured before and 30, 60, 90, and 120 min after intraperitoneal injection of insulin (2.0 
units/kg body weight; n = 7-9 animals per group), and the area under the curve was calculated (w = 7-9 animals per group). For statistical analysis, 
db/db mice were compared with those fed the HF/S diet. All data are mean ± SEM. #P = 0.067; *P < 0.05; **P < 0.01; ***P < 0.001. 



HF/S3 diet enhanced adipose levels of both 17-HDHA 
enantiomers, with 17aS-HDHA remaining the predominant 
isoform (Fig. 5E). 

Altogether, these findings strongly suggest that dietary 
n-3 PUFA treatment reduces obesity-associated adipose 
tissue inflammation and insulin resistance by increasing 
endogenous SPM biosynthesis. 

Treatment with the DHA product 17-HDHA reduces 
obesity-induced adipose tissue inflammation. Because 
obesity strongly affected DHA-derived lipid mediators in 



adipose tissue, we next investigated whether direct treat- 
ment with DHA and its metabolite, 17-HDHA, attenuates 
obesity-induced adipose tissue inflammation and its asso- 
ciated metabolic complications. To this end, WT mice 
were fed an HF or LF control diet for 17 weeks, and the 
HF-fed animals were treated with DHA (4 [xg/g body 
weight), 17-HDHA (50 ng/g body weight), or vehicle by 
intraperitoneal injection every 12 h for 8 days. As reported 
in Supplementary Table 2, no differences in body weight, 
gonadal adipose tissue weight, and fasting glucose were 



1950 DIABETES, VOL. 62, JUNE 2013 



diabetes, diabetesj oumals. org 



A. NEUHOFER AND ASSOCIATES 



A 17-HDHA 

180-1 
150- 
= 120 

CO 

90 
o> 60 
30 
0 



lean (cyib/+) 



B PD1 



8 

0) 

= 6 

o)4- 

"B) 
c 

2 
0 



1 



1 



obese (db/db) 



lean (db/+) 



n LF 
■ HF/S 
EZ] HF/6 
HF/S3 



•kick 

I 



obese {db/db) 



30 

1 20 

Ui 

ho 



18-HEPE 



I 



17-HDHA 



lean (cfib/+) 




obese ( cto/cflb) lean ( db/+) 



LF 

lean 
{db/+) 



LF HF/S HF/S3 

obese 
(db/db) 



FIG. 5. Dietary n-3 PUFA treatment increases synthesis of n-3 PUFA-derived SPMs and their precursors in the adipose tissue of genetically obese 
mice. Lipid mediator concentration was determined in gonadal fat pads of db/+ and db/db mice fed the LF, HF/S, HF/6, or HF/S3 diet using LC-MS/MS. 
HF/S3 treatment of db/db animals significantly increased the adipose tissue concentration of DHA-derived 17-HDHA (A) and PDl (5) as well as 
EPA-derived 18-HEPE (C) and RvEl (Z)) (ji = 10 animals per group). Dietary effects within db/db and db/+ animals were compared with the 
respective HF/S groups. Stereoselective analysis using chiral-based LC-MS/MS revealed 175'-HDHA as the main naturally occurring stereo- 
isomer in gonadal adipose tissue of db/+ and db/db animals. The percentage of 17i?-HDHA calculated from the total 17-HDHA in adipose tissue was 
increased after HF feeding (n = 10 animals per group). All data are mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. ND, not detected. 



observed between treatments. Treatment with 17-HDHA 
and, less pronounced, DHA reduced adipose tissue in- 
flammation as determined by gene expression of the in- 
flammatory cytokines MCP-1, TNF-a, IL-6, and OPN, 
concomitant with decreased gene expression of NF-kB in 
diet-induced obese animals compared with vehicle control 
(Fig. 6A-E). To investigate potential effects of 17-HDHA 
on inflammatory signaling, we analyzed the effect on the 
NF-kB pathway in gonadal adipose tissue. Notably, 
17-HDHA treatment increased the protein level of iKBa, 
the major inhibitor of NF-kB signaling in adipose tissue 
(Fig. 6F and G). Immunohistochemical staining for MAC-2 
revealed a trend toward decreased CLS formation after 
17-HDHA and DHA treatment in gonadal adipose tissue 
(Fig. 6H and 7), whereas mean adipocyte size was not altered 
(not shown). Moreover, DHA and 17-HDHA treatment re- 
duced the ratio of CDllc^ to CD206^ adipose tissue macro- 
phages (Fig. 6J). Thus, 17-HDHA markedly attenuated adipose 
tissue inflammation in obese mice. 

Treatment with 17-HDHA improves metabolic 
regulation in obesity. We further analyzed whether 
17-HDHA treatment also affected markers of metabolic 
control. 17-HDHA enhanced obesity-impaired expression 
of the genes for PPAR7, PPARa, GLUT-4, and adiponectin 
(Fig. 7A-D), whereas leptin expression was not signifi- 
cantly altered (data not shown). In addition, 17-HDHA 
treatment moderately improved glucose tolerance in obese 
mice (Fig. 7E), concomitant with decreased plasma insulin 
levels in response to the glucose tolerance test at the 
45-min time point (Fig. 7F). 

Although not statistically significant, fasting insulin 
concentration was reduced by —30% and insulin re- 
sistance, as estimated by HOMA-IR, was —40% lower after 
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17-HDHA and DHA treatment (Fig. 7G and H). A trend in 
improvement in the insulin tolerance test was seen after 
60 (P = 0.1), 90 (P = 0.08), and 120 min (P = 0.1) upon 
17-HDHA and DHA application for 8 days (Fig. 77). In ad- 
dition, 17-HDHA treatment for 15 days by osmotic pump 
resulted in increased insulin sensitivity, as illustrated by 
a significantly decreased fasting insulin concentration and 
HOMA-IR and a trend of reduced blood glucose concen- 
tration after 30 min (P = 0.09) during the insulin tolerance 
test (Fig. 7J-L). The glucose concentration in the glucose 
tolerance test was significantly lower after 15 min by 
17-HDIIA treatment compared with vehicle control (Fig. 
7M). In addition, the group treated with 17-HDHA revealed 
lower plasma insulin levels before and during the glucose 
tolerance test (after 45 min. Fig. 7N). 

Taken together, these results indicate that 17-HDHA not 
only reduced adipose tissue inflammation but also im- 
proved glucose tolerance and insulin sensitivity in obese 
mice. 



DISCUSSION 

In this study we demonstrate an obesity-induced de- 
ficiency of PDl and 17-HDHA, which is a PDl pathway 
biomarker and RvDl precursor, in adipose tissue. Our data 
indicate that the deficiency of these n-3 PUFA-derived 
SPMs is linked to the development and perpetuation of 
obesity-driven adipose tissue inflammation that promotes 
type 2 diabetes. Moreover, we show that treatment with 
17-HDHA mitigates obesity-driven inflammation and its 
metabolic consequences. 

The obesity-associated disturbance of 17-HDHA and 
PDl biosynthesis may result from decreased substrate 
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FIG. 6. 17-HDHA significantly decreases obesity-associated adipose tissue inflammation. HF-fed WT mice were treated with DHA, 17-HDHA, or 
vehicle (VE) control via intraperitoneal injection every 12 h for 8 days. 17-HDHA treatment reduced mRNA expression of the inflammatory genes 
for MCP-1 iCcl2} (A), TNF-a (Tn/) (5), IL-6 {116} (C), OPN {Sppl} (D), and NF-kB {Nflcbl} (^) in gonadal adipose tissue of WT HF animals 
compared with VE-treated control group (n = 12-14 animals per group). (F) and (G) Immunoblot analysis and quantiflcation of iKBa in gonadal 
adipose tissue of WT HF animals after VE and 17-HDIIA treatment. The diagram shows means of the chemiluminescence intensity ratios from iKBa 
vs. p-tubulin, which was used as the loading control (G) (n = 6 animals per group). {H} Representative images of CLS formation in gonadal adipose 
tissue (scale bar = 50 juim). (/) Number of CLS counts per 100 adipocytes in gonadal adipose tissue after VE, DHA, or 17-HDIIA treatment (n = 5-6 
animals per group). (J) Flow cytometry analysis of the CDllc^CD206~-to-CDllc~CD206^ ratio of adipose tissue macrophages (F4/80^ cells) 
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availability and/or altered enzyme activities. HF feeding 
has been shown to reduce n-3 PUFA availability by ele- 
vating the long-chain n-6-to-n-3 PUFA ratio in adipose 
tissue membranes compared with counterparts fed normal 
chow (26). On one hand, we demonstrate an effect of HF 
diet on lipid mediator synthesis in adipose tissue, which is 
independent of obesity, because 17-HDHA and PDl levels 
were affected also by short-term dietary treatment before 
the onset of obesity-induced adipose tissue inflammation 
(Fig. 2). On the other hand, our results on decreased SPMs 
and SPM precursor levels in db/db mice fed normal chow 
compared with lean littermates show that also obesity itself 
decreases adipose tissue levels of DHA-derived 17-HDHA 
available for SPM biosynthesis while EPA-derived 18-HEPE 
was even increased (Fig. 1). 

We show here that the adipose tissue level of 12/15-LOX 
mRNA, a pivotal enzyme for 17-HDHA and PDl bio- 
synthesis in mice (37,38), is significantly decreased in diet- 
induced obesity, corroborating previous data that impaired 
12/15-LOX activity results in a resolution-deficient pheno- 
type (39-41). In addition to 17-HDHA, obesity also de- 
creased 12/15-LOX-derived 12-hydroxyeicosatetraenoic 
acid (12-HETE) and 15-HETE levels in adipose tissue 
(Supplementary Fig. IC and Z)), further indicating di- 
minished 12/15-LOX activity. That 18-HEPE synthesis, de- 
spite decreased 17-HDHA and PDl formation, is not 
impaired by obesity (Fig. IE) or HF-feeding per se (Fig. 
2F) might indicate that not only obesity but also the HF 
diet especially affects the synthesis of 12/15-LOX-derived 
lipid mediators. Alternatively, the significant increase of 
18-HEPE could represent a lack of 5-LOX activity for 
conversion to RvEl and RvE2 (42) and an impaired 12/15- 
LOX pathway for conversion to the recently characterized 
RvE3 (43). However, the decrease in 17-HDHA and PDl 
levels in obesity cannot clearly be related to altered en- 
zyme expression on the mRNA level, particularly in db/db 
animals (Supplementary Fig. L4). A precise determination 
of relevant enzyme activity might shed light on this issue 
but was beyond the present scope of this study. 

Our study suggests that n-3 PUFA-derived SPMs present 
in adipose tissue mediate crucial effects of n-3 PUFA 
treatment, such as decreasing obesity-induced adipose 
tissue inflammation, including a shift of macrophage po- 
larization from the Ml-like to the M2-like phenotype, and 
improving metabolic parameters such as insulin sensitivity 
(Fig. 4 and Fig. 5) and glucose tolerance (22,23,26,44). 
Previous studies demonstrated that the number of Ml-like 
adipose tissue macrophages expressing CDllc and the Ml- 
to-M2 macrophage ratio are both associated with insulin 
resistance (11,12), whereas the ablation of CDUc"^ cells 
resulted in the normalization of insulin sensitivity and 
glucose tolerance in obese mice (10,45). Of note, the doses 
used in the animals are high, similar to other feeding 
experiments with n-3 PUFA (35,36,46), and cannot be 
reached in humans. Moreover, treatment with long-chain 
n-3 PUFA in high doses that are known to have anti- 
inflammatory effects (>4 g/day) is rarely successful be- 
cause of low adherence of patients that might be partly 
due to the unpleasant capsule size. Thus, similar beneficial 
effects with substances to be applied at much lower doses 
are highly desirable. The obesity-induced reduction of the 
SPM precursor 17-HDHA (Fig. 1(7) and its negative corre- 
lation with markers of adipose tissue infiammation (Fig. 3) 
prompted us to focus on this compound. Treatment with 
17-HDHA elicited an anti-infiammatory response in diet- 
induced obesity by significantly reducing infiammatory 



gene expression, probably by attenuating NF-kB activation 
(Fig. 6) and increasing expression of anti-infiammatory 
and insulin-sensitizing adiponectin as well as PPAR7 
in adipose tissue of obese mice. Notably, the anti- 
infiammatory effects of 17-HDHA were comparable to 
those of DHA at a dose that was nearly 100-fold lower. In 
addition to the anti-inflammatory and insulin sensitizing 
effects, 17-HDHA but not DHA treatment increased glu- 
cose tolerance, albeit moderately, concomitant with lower 
plasma insulin concentration (Fig. 7E and F), suggesting 
that 17-HDHA improves insulin action. 

Our results with 17-HDHA and those achieved with 
RvEl and RvDl treatment of hepatic steatosis and insulin 
resistance (22,47) encourage follow-up of SPM precursor- 
based therapies in obesity. 

DHA treatment affects Ml-like/M2-like macrophage po- 
larization, as evaluated here by the CDllc^-to-CD206"^ 
macrophage ratio (Fig. 6J) (44). In in vitro studies, 
17-HDHA inhibits cytokine release of human microglial 
cells (48) and decreases TNF-a secretion of murine RAW 
macrophages (49,50) indicating that 17-HDHA or SPM 
derived from it exert potent anti-inflammatory action on 
macrophage-like cells. In our study, 17-HDHA treatment 
decreased the Ml-to-M2 ratio of adipose tissue macro- 
phages (Fig. 6J) in a similar manner as DHA. Hence, 
17-HDHA could substitute for n-3 PUFA with respect to its 
potent anti-inflammatory effects in obesity-associated in- 
flammation, which is mainly driven by macrophages (51). 

17-HDHA might exert its anti-inflammatory activity and 
beneflcial effects on metabolic regulation through different 
mechanisms. On one hand, 17-HDHA and its precursor 
17-H(peroxy)DHA serve as SPM precursors for local con- 
version to RvDl or PDl that depends on cell type (17). On 
the other hand, 17S-HDHA but not 17R-HDHA directly 
activates PPAR7 (49), which could contribute to increased 
adiponectin and GLUT-4 expression in adipocytes as well 
decreased inflammatory cytokine expression in macro- 
phages (52); however, the possible action of 17-HDHA 
through PPARa remains to be elucidated. In addition, the 
anti-inflammatory effects of 17-HDIIA treatment in obesity- 
induced inflammation might be due to decreased NF-kB 
activity, which could be partly mediated through PPAR 
activation (53,54). However, because PPARa target genes, 
such as acyl-CoA oxidase, were not altered by the treat- 
ment (data not shown), these data might argue against 
a dominant role of this nuclear receptor in 17-HDHA action 
to attenuate obesity-induced inflammation. 

In conclusion, we show for the flrst time that obesity 
signiflcantly reduced the endogenous production of 
17-HDHA and PDl in adipose tissue, which probably im- 
pairs resolution of adipose tissue inflammation. This lack of 
anti-inflammatory and proresoMng lipid mediators could 
contribute to chronic adipose tissue inflammation and meta- 
bolic complications in obesity. Application of proresoMng 
lipid mediators or 17-HDHA as a critical precursor recon- 
stitutes endogenous resolution capacity and might thus 
provide a novel option for treatment and prevention of 
obesity-related diseases such as type 2 diabetes. 
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